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Synchrotron-based analytical microprobe techniques, electron backscatter diffraction, and defect
etching are combined to determine the dependence of metal silicide precipitate formation on grain
boundary character and microstructure in multicrystalline silicon !mc-Si". Metal silicide precipitate
decoration is observed to increase with decreasing atomic coincidence within the grain boundary
plane !increasing ! values". A few low-! boundaries contain anomalously high metal precipitate
concentrations, concomitant with heavy dislocation decoration. These results provide direct
experimental evidence that the degree of interaction between metals and structural defects in mc-Si
can vary as a function of microstructure, with implications for mc-Si device performance and
processing. © 2006 American Institute of Physics. #DOI: 10.1063/1.2234570$

Currently, over half of all solar cells produced world-
wide are made from multicrystalline silicon !mc-Si". While
these devices have comparatively lower efficiencies than
those made of higher-purity, single crystalline silicon !sc-Si",
the lower manufacturing costs result in a more favorable cost
per watt peak !$/Wp", the financial figure of merit for main-
stream photovoltaic !PV" technologies. To heighten this ad-
vantage, considerable efforts are being invested into improv-
ing the efficiencies of mc-Si materials.

Transition metal impurities, which are found in concen-
trations as high as 1014–1016 cm−3 in most mc-Si
materials,1–3 play a large role in decreasing mc-Si device
performance relative to sc-Si. In mc-Si materials, grain
boundaries are now understood to be the locations where
metals are found in the highest concentrations,4,5 aside from
isolated inclusions. Because of high local impurity concen-
trations and limited impurity solubility and diffusivity at get-
tering temperatures,6,7 precipitate dissolution may be incom-
plete during solar cell processing. Thus, on the time scale of
solar cell device processing, these reservoirs may act as vir-
tually “inexhaustible” sources for metal atoms within the
bulk, with the potential to contaminate neighboring intra-
granular regions.8 It is clear then that understanding the pre-
cipitation behavior of metals at different types of grain
boundaries is of fundamental technological importance for
mc-Si technology. Surprisingly, despite over 50 years of in-
tensive effort dedicated to understanding solute-grain bound-
ary interactions in polycrystalline ceramics and metals #in-
cluding impurity precipitation,9–11 oxidation,12 !liquid metal"

embrittlement and fracture,13,14 fatigue,15 and numerous
other phenomena16,17$, far fewer literature reports describe
solute-grain boundary interactions in silicon with due atten-
tion to grain boundary microstructure,18–22 and fewer still
systematically compare the interactions of impurities with
different types of grain boundaries, mostly via indirect elec-
trical measurements.23–26 In this study, we directly measure
the local metal silicide precipitate concentrations at various
types of grain boundaries, identifying clear trends of prefer-
ential precipitate formation at certain types of boundaries.

Multicrystalline float zone27 !mc-FZ" was selected for
this study because it can be grown with very high densities
of various types of grain boundaries. At 1200 °C in a quartz
tube furnace, a controlled amount of copper and nickel im-
purities was introduced into mc-FZ, which was then
quenched to room temperature in silicone oil, and then rean-
nealed at 655 °C for 2.5 h. With a fairly uniform average
grain size below a square millimeter, this anneal provided
sufficient time for copper and nickel to diffuse to and form
metal silicide precipitates at the most energetically favorable
sites. After chemically etching to remove the surface silicide
layer, synchrotron-based analytical microprobe techniques28

were used to directly measure the amount of metals accumu-
lated in metal silicide precipitates at individual grain bound-
aries in the material. X-ray fluorescence microscopy
!"-XRF" was performed at Beamline 10.3.2 !Ref. 29" of the
Advanced Light Source at Lawrence Berkeley National
Laboratory !LBNL" to map metal impurity distributions.
While "-XRF has a modest bulk sensitivity of %1016 cm−3

metal atoms,30 its microfocused beam makes it a powerful
tool for detecting metal-rich precipitates several tens or hun-
dreds of nanometers in size,28 wherein local metal concen-
trations reach several tens of percent. The concentrations of
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precipitated metals at 141 grain boundaries were compared
by integrating "-XRF counts from background-subtracted
line scans across individual grain boundaries. To determine
the character of each grain boundary, electron backscatter
diffraction31 !EBSD" measurements were performed on the
same samples, using an FEI Strata 235 scanning electron
microscope at the National Center for Electron Microscopy
!NCEM" at LBNL. For grain boundary characterization, the
allowable angular deviation was set according to the stan-
dard Brandon criterion ##$%15°!−1/2 !Ref. 32"$.

From the data !summarized in Fig. 1", it is observed that
boundaries with low coincidence site lattice !CSL" indices
!! values" generally contain lower concentrations of precipi-
tated metals than boundaries with high CSL indices or non-
CSL boundaries. The data generally suggest that metal pre-
cipitation increases with increasing ! value, consistent with
the trends reported for CSL boundary electrical activity by
Ihlal et al.23 and Chen et al.25,26 The likely physical expla-
nation for this is that the high degree of atomic coincidence
and low level of bond distortion found in low-! boundaries
may offer a lower density of energetically favorable sites for
impurity atoms to segregate and precipitate. For the same
reasons, it may also be possible that impurity diffusion is
slower along lower-! boundaries, potentially retarding
precipitate nucleation and growth. Consistent with these ex-
planations, larger concentrations of precipitated metals tend
to be found at nonstraight, random-angle boundaries, de-
picted by the higher data points in the “non-CSL” category
in Fig. 1.

Upon closer inspection of the data, it is observed that a
minority of grain boundaries with low ! values also contains
surprisingly high concentrations of precipitated metals. Con-
sider, for instance, the upper 25th percentile of data points in
Fig. 1, indicating anomalously high metal contents at some
!3 boundaries. To identify the cause of this variability, a
defect etch !Sopori etch33" was used to reveal dislocations. It
was found that !3 boundaries decorated with metal precipi-

tates are also heavily decorated by dislocations, as shown in
Fig. 2!a".

Conversely, the majority of !3 grain boundaries with
lesser or negligible concentrations of precipitated metals
contains either no dislocations #e.g., Fig. 2!b"$ or many fewer
dislocations. These observations are consistent with literature
reports of increased electrical activity at boundaries with
piled-up dislocations.34–36 A high density of dislocations may
be required to bring a sufficient number !perhaps tens or
hundreds" of metal atoms sufficiently close together to over-
come the nucleation barrier. Dislocations are also known to
provide efficient diffusion pathways for impurities, by so-
called pipe diffusion.

In conclusion, "-XRF was used to directly measure the
metal content at various types of mc-Si grain boundaries, the
characters of which were determined by EBSD. These ex-
perimental results directly confirm that metal precipitation
tends to vary inversely with the degree of atomic coincidence
in the grain boundary plane, consistent with previous results
measuring grain boundary electrical activity. Upon occasion,
a high concentration of metal silicide precipitates is also ob-
served at grain boundaries with low ! values exhibiting a
high degree of dislocation decoration. The identification of
the largest reservoirs for metals in mc-Si may serve to guide
efforts to “grain boundary engineer” mc-Si materials that
have weaker internal sinks for metals, and hence, improved
gettering responses and electrical performances.
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leagues at the NCEM and the ALS, including A. M. Minor
and S. Fakra, are much appreciated. This study was sup-
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FIG. 1. !Color online" The dependence of metal precipitate concentration
!measured by "-XRF" on grain boundary character !EBSD" for 141 grain
boundaries identified in a mc-Si sample. In general, metal precipitate deco-
ration tends to increase with decreasing degree of atomic coincidence in the
grain boundary plane !increasing & value". The metal-precipitate-decorated
low-& boundaries are further discussed in Fig. 2. To the right of each data
cluster, the open diamonds represent the 25th and 75th percentiles and the
median. The open box is the mean.

FIG. 2. Optical micrographs of defect-etched &3 boundaries. !a" Those in
the top 25th percentile of &3 boundaries in Fig. 1 !heavily decorated by
metal precipitates" contain high densities of dislocations. !b" Those in the
lower 75th percentile !lightly or negligibly decorated by metal precipitates"
contain fewer or no dislocation etch pits, as exemplified by the parallel &3
boundaries denoted “i” and “ii.”
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